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SUMMARY

Background: Multimodal treatment approaches for
children with tumors of the central nervous system (CNS)
have markedly contributed to improved survival. Before
1970, the survival rate among children with medulloblas-
toma, the most common malignant CNS tumor in children,
was about 20%. At present, in contrast, cure can be
achieved in more than 75% of children with a favorable
constellation of risk factors. In this review article for clini-
cians, we give an overview of the current understanding of
the pathology, presenting manifestations, early diagnosis,
and treatment of CNS tumors in children and adolescents.

Methods: We report the research findings of the German
Treatment Network “HIT” and selectively review the perti-
nent literature.

Results: Treatment-optimizing clinical trials have improved
survival from all types of CNS tumors in children and ado-
lescents. Biological features of the tumors now serve as
the basis for improved stratification for multimodal, risk-
adapted treatment. Targeted biological strategies are
being developed. Difficulties remain, however, in the care
of infants with CNS tumors and in the treatment of meta-
static disease, tumors of certain histological types, and
tumors in certain anatomical sites. Many of the affected
children suffer from late effects of their disease and its
treatment that can irreversibly impair their development.

Conclusion: Children with a suspected or confirmed diag-
nosis of brain tumor should be referred early to a center
with the relevant experience. Standardized diagnostic and
therapeutic methods have markedly improved the chance
of cure. Current research on molecular signaling pathways
seems likely to lead to the development of new treat-
ments, particularly for tumors currently associated with
lower rates of survival. The long-term side effects of treat-
ment must be systematically monitored so that they can
be avoided in future, and so that appropriate support
measures can be provided to the affected children.
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n the 10-year period from 1998 to 2007, a total of

4140 children under the age of 15 years were diag-
nosed in Germany as having a tumor of the central
nervous system (CNS). This represents an incidence of
around 400 new cases annually ( kinderkrebsreg-
ister@imbei.uni-mainz.de). Infants are just as
frequently affected as older children. The histological
spectrum of CNS tumors in children and adolescents
differs from that in adults. Astrocytomas and embryo-
nal tumors are the most common entities, followed by
ependymomas (7able 1). Malignant tumors (WHO
grade IIT and IV) grow invasively and tend to metasta-
size along the cerebrospinal fluid (CSF) pathways.
Grade I and II tumors may also disseminate (1). Metas-
tasis beyond the CNS has been described but is rare.

Symptoms

More than half of all CNS tumors in children and ado-
lescents are found in the posterior cranial fossa or in the
brain stem. A tumor in this region may obstruct CSF
drainage and thus increase the intracranial pressure.
This effect is aggravated by the volume of the tumor
itself and the peritumoral edema. The primary symp-
toms are headache, nausea, and vomiting in the morn-
ing before intake of food. The nausea often improves
during the course of the day, and the headache may be-
come less severe after vomiting (hyperventilation,
pCO, decreases, vasoconstriction, intracranial pressure
decreases). Half the children with brain tumors initially
show no signs of increased intracranial pressure (2)
(Table 2).

Papilledema is characteristic for raised intracranial
pressure and indicates diagnostic imaging. Particularly
in neonates and infants with an open fontanelle, how-
ever, this symptom complex may not be present. In-
stead, the symptoms in this group of patients include
macrocephaly, changes in behavior, failure to thrive, or
primary neurological symptoms such as torticollis or
convergent strabismus (cranial nerve VI palsy).
Neonates and infants sometimes display symptoms of
hyperarousal such as loud crying for no apparent rea-
son. “Localizing” symptoms may indicate which neural
structures are involved and yield limited information as
to tumor type (7able 2). Early diagnosis increases the
likelihood that the tumor will be operable. Particularly
in the case of low-grade tumors, years may pass before
the headaches, macrocephaly, and failure to thrive are
joined by other symptoms, e.g. endocrine deficits or
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visual impairment. Persisting non-specific symptoms
should prompt examination by a physician experienced
in CNS tumors. Timely investigation of persisting gen-
eral and/or local symptoms can facilitate early diag-
nosis.

The following signs and symptoms may point to
medullary compression by a spinal tumor: pain, pares-
thesia, sensory disorders, asthenia, disorders of the
autonomous nervous system, and ataxia (compression
of spinocerebellar pathways).

Etiology, molecular genetics,

and clinical syndromes

Most brain tumors in children are sporadic, that is to
say they arise with no discernable familial or environ-
mental cause. Known molecular target structures and
the compounds used to influence them are listed in
eTable 1. Fewer than 5% of pediatric CNS tumors
occur in the framework of defined familial syndromes
(eTable 2) (3, 4).

Staging and diagnostic imaging

Magnetic resonance imaging (MRI) is superior to com-
puted tomography (CT) for evaluation of the anatomy.
In infants, sonography through the open fontanelle may
reveal signs of hydrocephalus, cerebral edema, hemor-
rhage, or mass effect. If at all possible, MRI or CT
should be carried out before lumbar puncture (cave:
herniation). In the case of malignant tumors, spinal
MRI to detect metastases should ideally be performed
before surgery, otherwise together with the early post-
operative follow-up imaging within 48 to 72 h. The
typical neuroradiological appearances of various brain
tumors in children are shown in Figure 1.

Modern imaging procedures are a useful diagnostic
tool, but histological confirmation remains necessary in
the majority of case. The internationally recognized
standard procedures include MRI with plain and
contrast-enhanced T1 and T2 sequences, or alter-
natively MRI-based fluid-attenuated inverse recovery
(FLAIR), and diffusion-weighted imaging (DWI) (5).
Functional modalities such as amino acid PET are used
to assess the treatment response and the biological ac-
tivity of residual tumor tissue, to select a biopsy site,
and to delimit the tumor from normal brain tissue (6).

There are no standard criteria for the demonstration
of tumor cells in CSF. Cytological and immunohisto-
chemical demonstration of tumor cells (individual cells
or clusters) in CSF obtained 14 days after operation is
considered significant and is relevant for treatment
stratification, particularly in the case of medulloblasto-
ma (stage M1) (Figure 2).

Chang’s classification for the staging of medullo-
blastoma has been adopted for other CNS tumors (Box).

In midline supratentorial tumors, elevation of beta
HCG (human chorionic gonadotrophin) and/or alpha
fetoprotein in serum and CSF may point to a secreting
germ-cell tumor. If the typical signs are also seen on
imaging, histological  confirmation may be
unnecessary.
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CNS tumors in childhood and adolescence*’

Astrocytic tumors

- Pilocytic astrocytoma
— Pilomyxoid astrocytoma

- Diffuse astrocytoma

- Pleomorphic xanthoastrocytoma
- Anaplastic astrocytoma

- Glioblastoma

Oligodendroglial tumors

- Oligodendroglioma
- Anaplastic oligodendroglioma

Ependymal tumors

- Subependymoma

- Myxopapillary ependymoma
- Ependymoma

- Anaplastic ependymoma

Tumors of choroid plexus

- Plexuspapilloma
- Atypical plexus papilloma
- Plexus carcinoma

Neuronal and mixed neuronal-glial tumors

- Ganglioglioma

- Anaplastic ganglioglioma

- Dysembryoplastic neuroepithelial tumor (DNET)
- Neurocytoma

Pineal tumors

- Pineocytoma
- Pineoblastoma
- Papillary tumor of pineal region

Embryonal tumors

- Medulloblastoma

— Supratentorial primitive neuroectodermal tumor
(cPNET)

- Atypical teratoid/rhabdoid tumor
(AT/RT)

Tumors of sellar region
Craniopharyngioma
Tumors of peripheral nerves

- Schwannoma
- Neurofibroma

— Malignant peripheral nerve sheath tumor (MPNST)

Meningeal tumors

- Meningeoma

— Atypical meningioma

- Anaplastic meningioma

- Hemangiopericytoma

- Anaplastic hemangiopericytoma
- Hemangioblastoma

Germ cell tumors

— Teratoma

- Choriocarcinoma

- Germinoma

- Embryonal carcinoma
- Yolk sac tumor
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~30%

~12%
<1%
~2%
~3%

~1,5%

~9%

~2%

~2.5%

~1.3%

~20%

~3%

~1%

~5%

~1%

~1.2%

~3%

*! Based on WHO classification of CNS tumors
*2 According to www.kinderkrebsregister.de and www.seer.cancer.gov
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Cardinal symptoms of CNS tumors in children and adolescents

Elevated intracranial pressure

Cerebellar tumor
Brain stem tumor/infiltration

Cerebellopontine
tumor/extension

Cerebral hemispheric tumor

Suprasellar tumor/chiasma/
hypothalamus tumors

Tumor of hypophyseal and
hypothalamic region

Diencephalic tumors/infiltration

Pineal/midbrain tumor

Spinal tumors and metastases

Vomiting (despite empty stomach), headache, per-
sonality changes, cranial nerve VI palsy, papille-
dema and visual impairment, sunset phenomenon,
macrocephaly

Unsteady gait, scanning speech, ataxia, nystag-
mus, intention tremor, dysdiadochokinesis

Horizontal ophthalmoplegia, cranial nerve palsies,
spastic palsies, long tract signs

Facial paralysis, hearing loss, torticollis

Cerebral seizures (e.g., complex partial seizures),
pareses, paralyses, sensory impairments

Vision loss, narrowing of visual field,
nystagmus

Short stature, diabetes insipidus, disordered puber-
tal development, eating disorders

Diencephalic syndrome: cachexia in infants who
sometimes appear euphoric

Parinaud syndrome with vertical ophthalmoplegia

Back pain, scoliosis, transverse symptoms, pyrami-
dal tract signs, but also flaccid paralysis

Emergency care

Treatment to counteract elevated intracranial pressure
must be initiated immediately after detection of a CNS
tumor, in parallel with diagnostic procedures. The
patient should not lie flat, and, particularly important,
dexamethasone should be administered (initially 1 mg/
kg to a maximum of 50 mg; then 0.5 to 1.5 mg/kg/day;
from the 3rd to 5th day, or when the cerebral pressure
crisis is over, 0.15 mg/day; then taper depending on the
clinical situation). Patients on artificial respiration
should be hyperventilated. Rotation of the head should
be avoided (jugular drainage!).

External CSF drainage serves as a bridging measure
until definitive tumor removal can be carried out. Early
resection is preferable as long as the risk is acceptable,
and near-total tumor extirpation can be anticipated
without significant neurological damage.

Steroids represent the treatment of choice for spinal
masses. Neurosurgery is indicated in the case of medul-
lary compression, particularly in previously irradiated
segments of the spinal column, radio- and chemoresis-
tant tumors, and tumors characterized by biopsy.
Surgical treatment comprises laminectomy and fix-
ation. Because of the potentially catastrophic neuro-
logical consequences (quadriplegia!) and severe pain,
radiotherapy is also indicated for palliation in radiosen-
sitive tumors.

Cerebral seizures are often the first symptom in ado-
lescents and in supratentorial tumors (infratentorial
tumors: 1% to 6%). The mortality rate in childhood is
3% to 5%. The treatment comprises general measures
(airways!, oxygen, i.v. access etc.) and antiepileptics

).

Neurosurgery

The goal of neurosurgery is ideally complete microsur-
gical removal of the tumor. However, the potential op-
eration-associated morbidity must always be taken into
consideration. Despite improvements in neuroradio-
logical procedures, the tumor type remains unclear, and
potential differential diagnoses include abscesses,
circumscribed hemorrhages, and cysts. Therefore, his-
topathological examination is generally required for
definitive diagnosis. Exceptions where the typical
imaging appearance suffices are:

® Diffuse-intrinsic pontine glioma

® Tumor marker—positive germ-cell tumors

® Optic pathway glioma in neurofibromatosis 1

(NFT)

® Vestibular schwannoma in NF2.

Because imaging artifacts increase just a few days
after surgery, early postoperative imaging is important
not only for detection of residual tumor and to deter-
mine the appropriate adjuvant therapy, but also for
comparison with later follow-up findings and for dis-
cussion of further treatment (e.g. second-look surgery).

The HIT Treatment Network

Over 90% of children with CNS tumors diagnosed in
Germany are included in treatment optimization
studies.

The HIT Treatment Network of the German Society
for Pediatric Oncology and Hematology (Gesellschaft
fiir Pddiatrische Onkologie und Hdmatologie, GPOH)
combines the study centers for all tumor entities with
reference centers for neuropathology, neuroradiology,
CSF diagnosis, and radiotherapy. The goal is nation-
wide implementation of multimodal treatment optimi-
zation studies with quality-controlled interdisciplinary
standards for diagnosis, surgery, irradiation, and
chemotherapy. Treatment optimization studies are the
gold standard for patient care in pediatric oncology (8).

Low-grade gliomas

Low-grade gliomas (LGG) are an extremely hetero-
geneous group of diseases. Complete resection alone
may be curative, but is possible only in a few locations
(e.g., the cerebellum), and then in only 65% to 80% of
cases. Postoperative indications for treatment include
new or worsened neurological deficits and signs of
tumor progression on imaging (prevention of neu-
rological damage). Adjuvant therapy is also indicated
in the case of significant impairment or worsening of
vision. According to the protocol of the SIOP LGG
2004 study, irradiation is recommended only for
children aged at least 8 years; younger patients are
usually treated primarily by chemotherapy.
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Figure 1: Typical imaging characteristics of selected CNS tumors of childhood and adolescence

a) Pilocytic astrocytoma (CT): Hypo-or isodense, calcification demonstrated in ca. 10% of cases, often cystic. T1: Positive with contrast medium; T2: hyperintense,
whereas fibrillary astrocytoma usually does not take up contrast medium (CM).

b) Optic pathway glioma (FLAIR, axial): differential diagnoses germ cell tumor (GCT), craniopharyngioma. T2: Hyperintense; T1: glioma shows hyperintensity of poste-
rior lobe of hypophysis, while craniopharyngioma and GCT often do not.

¢) Glioblastoma (T1, axial, CM+). CT: Inhomogeneous, peritumoral edema; T1: garland-like CM uptake; T2: inhomogeneous, pronounced zone of edema.
d) Pontine glioma (T2, axial). T1: Variable contrast enhancement. >50% of cross-sectional area, main tumor volume in pons, basilar artery typically enclosed.

e) Medulloblastoma (T1, axial, CM+). CT: Hyperdense, 90% in vermis, 10% in hemispheres; T1: iso- to hypointense, variable CM uptake; T2: variable signal intensity,
often hypointense, inhomogeneous.

f) Anaplastic ependymoma (T1, axial, CM+). CT: Inhomogeneous, hyperdense (isodense), 50% calcifications, often cysts; plastic growth, e.g., protrusion into the
foramen magnum; T1 mostly strong CM uptake; T2: as for medulloblastoma.

g) Cerebral PNET (T1, axial, CM+). CT: Mostly hyperdense, relatively weak CM uptake, inhomogeneous enhancement; T1: variable signal intensity; T2: hypointense,
paradoxically little perifocal edema, clear demarcation.

h) AT/RT (T1, axial, CM+). CT: Hyperdense, changeable CM uptake, sometimes cysts (necroses) with hemorrhaging; T1: iso- to hypointense, variable CM uptake; T1
and T2: variable signal; cysts/necroses: pronounced edema.

i) Craniopharyngioma (T1, axial, CM+). CT: Calcifications, cysts; T1: cysts with/without solid components, hypo- to hyperintense (colloid); T2: cysts hyperintense,
calcifications hypointense.

j) Germinoma (T1, axial, CM+). CT: Hyperdense, calcification demonstrated in some areas; MRI: distinct homogeneous CM uptake, small cysts if any at all, physiologi-
cal hyperintensity of posterior lobe of hypophysis no longer present.

k) Plexus carcinoma (T1, axial, CM+). CT: Calcifications, tumor located in plexus, contrast enhancement; T1: strong gadolinium enhancement, nodular; T2: usually
hypointense.
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Figure 2: Morphology of metastatic tumor
cells in CSF (cytospun samples, Pappen-
heim staining).

a) Cluster of tumor cells in medulloblasto-
ma. The cells display an altered nucleus/
plasma ratio and show nucleoli; they are
frequently arranged in nests and homo-
geneous. Morphologically, individual cells
are often indistinguishable from the
blasts seen in lymphoma or leukemia.

b) Anaplastic ependymoma. The cells are
mostly smaller than the medulloblastoma
cells; they often display indentations of
the nuclei and finer cytoplasm.

c) Cell nest in AT/RT. Cells of AT/RT are char-

acterized by marked heterogeneity. Some
cytoplasmic vacuoles are seen, but the
primary impression is of inhomogeneous,
irregular nuclear chromatin.

d) Two germinoma cells flanked by cells of
the monocyte/macrophage lineage and a
lymphocyte. The tumor cells are vastly
larger than the normal blood cells and
show a characteristic cytoplasmic
vacuolar margin.

The central components of the SIOP LGG 2004
study are:

® Randomized intensification of chemotherapy with

etoposide (in addition to vincristine/carboplatin)
® Prolongation of standard treatment (1.5 years vs.
1 year)

Because of the increased radiosensitivity, children
with neurofibromatosis should, if possible, receive
neither etoposide nor radiotherapy. Antiangiogenetic
treatments have not yet progressed beyond the experi-
mental stage (9). Changes in the BRAF signal pathway
represent a promising approach (10).

The event-free and overall survival rates for children
and adolescents treated with complete resection are ex-
cellent (80% to 90%). Patients with residual tumor after
surgery are affected for a longer time, and may experi-
ence phases of tumor growth. These patients and other
risk groups (non-resectable hypothalamic gliomas,
diencephalic ~ syndrome, and  leptomeningeal
metastases, among others) have much poorer prospects
of long-term freedom from disease. According to recent
studies the progression-free survival rate in children
after treatment of LGG of the hypothalamus is 40% to
50%. Close monitoring, particularly of vision, is
essential (11).

Medulloblastoma and cerebral primitive
neuroectodermal tumor

Medulloblastoma is the most frequent malignant brain
tumor in childhood and adolescence. Postoperatively,

patients without metastases undergo a 4-year course of
irradiation followed by adjuvant chemotherapy. In the
HIT’91 study, the 10-year survival rate was 91% after
complete resection but only 42% if macroscopic
metastases were detected (12). The SIOP PNET-4 study
sought to establish whether hyperfractionated irradi-
ation is superior to conventional radiotherapy. The
follow-up studies are investigating de-escalation of
chemotherapy after irradiation in children classified as
low risk. For the first time, the risk profile is being de-
termined using molecular markers (low risk: no MYC
amplification, beta catenin positive, no large-cell an-
aplastic histology [LCA], <1.5 cm? residual tumor).
Intensification of the radiochemotherapy is being
evaluated for patients with risk factors (MYC amplifi-
cation, beta catenin negative, LCA, >1.5 cm? residual
tumor, or other) (13).

Systemic and intraventricular chemotherapy has
achieved good 5-year event-free survival (EFS) in
neonates and infants, particularly those without resid-
ual tumor after operation (82%) (14). For this reason,
further attempts are being made to delay and reduce ir-
radiation by means of high-dose methotrexate-based
chemotherapy. It is intended to avoid radiotherapy alto-
gether in children whose tumors exhibit favorable his-
tology, e.g., desmoplastic and extensive nodular me-
dulloblastomas. Children with primary metastases will
receive intensified chemotherapy, and once they have
achieved remission their treatment will be consolidated
with high-dose chemotherapy (15).
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Kool et al. demonstrated that medulloblastomas can
be classified into distinct prognosis groups according to
molecular biological clinical, and histological criteria
(13). The results in children with a Primitive neuroecto-
dermal tumor (PNET) of the CNS are poorer than in
those with medulloblastoma (16).

Ependymomas

Most ependymomas in children and adolescents (WHO
grade II or III) arise from the membranes coating the
ventricles, but these tumors can also occur in the spine.
The primary aim of treatment is local tumor control by
means of complete resection and postoperative irradi-
ation. In the HIT 91 study the 3-year EFS was 83% for
children without residual tumor and 38% for those with
incomplete resection (17). The benefit of chemotherapy
has not yet been formally demonstrated, but it can be
used to delay radiotherapy in young children. Using
modern irradiation methods, even infants can be suc-
cessfully treated with high doses of irradiation without
severe adverse effects (18). In future, patients with re-
sidual tumor after operation will receive additional
doses of irradiation as well as chemotherapy with
vincristine, etoposide, and cyclophosphamide.

Craniopharyngiomas

Ideally, the definitive treatment for craniopharyngioma
is complete microsurgical resection of the tumor with
preservation of the optic pathway and the hypotha-
lamic-hypophyseal structures. The 10-year EFS rate in
children is 80% after complete resection but only 35%
to 40% after incomplete tumor removal (19). Adjuvant
radiotherapy is an option in the case of unfavorable lo-
cation and residual tumor (e.g., chiasma or hypothala-
mus). Since 2007 a randomized study has been analyz-
ing whether prophylactic irradiation of progressive
residual tumor is superior to interventional radio-
therapy in children over 5 years of age. Quality of life
and health status are being evaluated. Endocrinological
and ophthalmological follow-up are essential.

High-grade gliomas

Both in Germany and internationally, treatment plans
based on radiotherapy and temozolomide as standard
have gained widespread acceptance for WHO grade 111
anaplastic astrocytoma, WHO grade IV glioblastoma,
and other malignant gliomas. Other promising ap-
proaches include vaccination strategies and the admin-
istration of small-molecular compounds such as
cediranib or cilengitide (20). Since glioblastomas in
children differ in molecular structure from those in
adults, there is only limited justification for adopt-
ing adult therapeutic strategies without any modifi-
cation.

Data from the HIT-GBM studies show that patients
with complete tumor resection have a much better
chance of long-term survival (21). Despite improve-
ment in survival times, the likelihood of eventual cure
in children with residual or recurrent tumor is less than
5%.
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Classification of CNS tumors (modi-
fied from the Chang classification of
medulloblastomas)

@® Tumor size and extent

T1  Diameter <3 cm; confined to cerebellar vermis, roof
of fourth ventricle, or cerebellar hemisphere

T2  Diameter 23 cm; infiltrating one neighboring
structure or partially filling fourth ventricle

T3 a) Infiltrating two neighboring structures or completely
filling fourth ventricle

T3 b) Additional infiltration of brain stem or floor of fourth
ventricle

T4  Extending to midbrain/third ventricle or to upper
cervical medulla

® \Metastasis
MO  No sign of metastases
M1 Microscopic demonstration of tumor cells in CSF

M2  Macroscopic metastases in cerebellar/cerebral sub-
arachnoid space or in supratentorial ventricles

M3 Macroscopic metastases in spinal subarachnoid
space

M4 Metastases beyond the CNS

Children with a diffuse intrinsic pontine tumor
(radiologically >50% of the diameter of the pons)
represent a special case. In the short term they benefit
from radiotherapy, sometimes combined with adjuvant
chemotherapy, but they usually die within 8 to 14
months (22).

Germ cell tumors

Germ cell tumors are found in the pineal gland or in a
suprasellar location (20% bifocal). In secreting germ-
cell tumors the tumor markers alpha fetoprotein (yolk
sac tumors) and beta HCG (chorionic carcinomas) are
used for diagnosis and monitoring, whereas germino-
mas require histological confirmation unless they
exhibit the typically bilocular appearance (suprasellar
and pineal). Treatment with platinum-containing
chemotherapy (cisplatin, etoposide, ifosfamide) and
local radiotherapy helps to avoid craniospinal irradi-
ation and the associated complications. The latter is,
however, indicated in disseminated disease. Mature te-
ratomas do not respond to non-surgical treatment. One
future strategy will be stratification of tumors accord-
ing to metastasis and the level of the tumor marker
alpha fetoprotein (23).
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Atypical teratoid/rhabdoid tumors

According to registry data, the most commonly oc-
curring malignant tumors of the CNS in children
under 6 months of age are atypical teratoid/rhabdoid
tumors (AT/RT). Each year around 15 to 20 children
are diagnosed with AT/RT in Germany. Intensive
multimodal therapy including early radiotherapy has
improved the 2-year overall survival rate from under
20% to 50 —60%, albeit at the cost of marked adverse
effects (24). Modern forms of radiotherapy such
as proton therapy will play an increasing role,
especially in young children. All AT/RT seem to
feature a change in the tumor suppressor gene
SMARCBI1/INII, distinguishing them from cerebral
PNET and other CNS malignancies. Therefore,
experimental approaches have been devised to evalu-
ate therapeutic intervention in epigenetic regulation
of gene expression. European children with AT/RT
are recorded in the EU-RHAB registry, the aim of
which is to collate the epidemiological and
molecular data across the continent and evaluate new
treatments.

Plexus tumors

Because this entity is so rare, all children in the world
diagnosed with a tumor of the choroid plexus are en-
rolled in the SIOP CPT 2000 study. For benign plexus
papillomas and completely resected atypical plexus
papillomas, surgery can be followed by vigilant ob-
servation; tumor cells in the CSF, incomplete re-
section, and plexus carcinoma warrant chemotherapy,
however, followed in children over 3 years old by
radiotherapy.

The 5-year overall and event-free survival rates are
currently 59% and 37% respectively (25). The decisive
prognostic factors are complete surgical resection and
administration of radiotherapy.

Late complications

The proportion of children cured of CNS tumors has
risen steadily in recent years. Many patients, however,
suffer severe disease- or treatment-related problems,
including neurological (paresis, ataxia, coordination
deficits), neuropsychological (intelligence, concen-
tration, perseverance), endocrine (short stature, delayed
puberty), ophthalmological, and other disorders. Des-
pite the good subjective quality of life, survivors often
have problems with social integration, e.g., at school
and in occupational training or at home with partner
and family.

In order to identify and avoid these limitations in on-
going and future treatment optimization studies,
children treated for CNS tumors should be followed up
into adolescence and adulthood, with regular structured
examinations to evaluate major neurological, neuropsy-
chological, endocrine, and internal medicine functions.
The HIT Treatment Network incorporates a basic
diagnostic tool, available to researchers from all par-
ticipating studies, for recording neuropsychological
deficits.

The following treatment optimization studies and reference centers
contributed data to this review:

HIT-2000, Hamburg (S. Rutkowski)

HIT REZ, Bonn (G. Fleischack)

EU-RHAB, Augsburg (M. Friihwald)

HIT HGG Halle (C. Kramm)

SIOP LGG 2004, Augsburg (A. Gnekow)

SIOP CNS GCT, Miinster (G. Calaminus)
Craniopharyngeoma 2007, Oldenburg (H. Miiller)
SIOP CPT, Hamburg (U. Kordes)

Biometrics, Mainz (A. Faldum)

Radiotherapy, Leipzig (R. Kortmann)
Neuropathology, Bonn (T. Pietsch)
Neuroradiology, Wiirzburg (M. Warmuth-Metz)
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eTABLE 1

Molecular changes in CNS tumors of childhood and adolescence

Entity Molecular genetics Target Compound
structure

Medulloblastoma

LOH1,9,10, 11, 16,17
Amplification MYC, MYCN
Mutation PTCH1, 2, WNT,
SMOH, ATOH, SUFUH,
B-catenin

ERBB2 overexpression
Epigenetics

SHH
ERBB2

Cyclopamine
GDC-0449
Cetuximab
MK0752

cPNET

LOH 1q, 5p, 5q, 6p, 14q
Epigenetics

Ependymoma

LOH 22q, gain 1q; hTERT,
EGFR overexpression;
mutation NF1

AT/RT

Mutation SMARCBH1;
epigenetics

CDK1

Flavopiridol

HGG

LOH 9p, 10, 13q, 17p;
mutation EGFR, TP53,
CDK4, PDGFR
Amplification EGFR, MDM2
p16 loss

EGFR PDGFR
FT

Antibodies
FTI
TKI

Pilocytic astrocyto-
mas

Mutation NF1;
trisomy 7, 8;
BRAF mutation

BRAF

TKI

Gangliogliomas

TSC2?

CPT

Mutation TP53;
9p additional copies
MGMT methylation

FT, farnesyl transferases; FTI, farnesyl transferase inhibitors; TKI, tyrosine kinase inhibitors
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eTABLE 2

Familial syndromes frequently associated with CNS tumors

Gene (chrom. Tumor diagnosed
locus)

Li-Fraumeni TP53 (17p13) Astrocytomas (1°-V°); cPNET;
medulloblastoma, CPT

BTPS I or Turcot | hMLH1 (3p21) Glioblastoma (rarely astrocyto-

(with HNPCC) hPMS2 (7p22) mas |l und Ill, oligodendroglio-
mas)

BTPS Il or Turcot Il APC (5q21) Medulloblastoma

(with FAP)

RTPS SMARCB1 AT/RT, extracranial rhabdoid

(22911.2) tumors
Cowden PTEN (10923) Dysplastic cerebellar ganglio-

cytoma (Lhermitte-Duclos)

Familial retinoblastomas RB1(13q14) Retinoblastomas

Phacomatoses (neurocutaneous syndromes)

Tuberous sclerosis TSC1(9q34) Subependymal giant cell astro-
TSC2 (16p13) cytomas (SEGA), subependymal

hamartomas, cortical tubers

von Hippel-Lindau VHL (3p25) Hemangioblastoma

Neurofibromatosis 1 NF1(17g11) Optic pathway glioma and other
astrocytomas, neurofibromas,
MPNST

Neurofibromatosis 2 NF2 (22q12) Bilateral vestibular schwanno-

mas, peripheral schwannomas,
meningiomas, meningiomatosis,
astrocytomas, spinal ependymo-
mas, glial hamartomas

NBCCS (Goltz-Gorlin) PTCH (9931) Medulloblastomas (rarely
meningiomas)

BTPS, brain tumor polyposis syndrome; CPT, choroid plexus tumor;
NBCCS, nevoid basal cell carcinoma syndrome; RTPS: rhabdoid tumor predisposition syndrome
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